offspring, in the same way as for the asexual population.
4 4
We performed numerical simulations of populations containing 100,000 diploid We did a series of simulations in which we varied the number of loci under 1 5 2 selection. Specifically, we did simulations for two, four and one hundred selected loci; were already segregating at a low frequency in the initial population, and that the on GitHub (https://github.com/gbgolding/evolutionSex). 
Results

6 3
The results described below illustrate two main points. First, we show why it was 1 6 4 necessary for Haldane (1957) to implicitly assume a progressively larger initial Haldane's model did not include recombination between the selected loci; therefore, the 1 6 7 initial population had to be large enough to contain at least one individual that contained 1 6 8 all of the favorable mutations in its genotype. Secondly, we show that there is no need to 1 6 9 7 increase the initial population size for multi-locus selection in a sexually outbreeding
population. This is because recombination will automatically produce the genotype with
the maximum number of favored alleles later on during the selection process (see
Discussion below).
7 3
First, we performed simulations of the situation where there is only one locus 1 7 4 undergoing selection. This allowed us to check the accuracy of our simulation method
against the theoretical predictions of classical population genetics and it also provided a for the favored allele to rise from its initial frequency of 0.05 to near fixation. even when we are dealing with only two loci. This can be explained as follows. Given expected frequency of diploids carrying two such chromosomes is only one in 160,000; 1 9 0 therefore, we may not see even a single such double homozygote in the initial population. In most replicates of the simulation, the expected single double homozygote is indeed 1 9 2 missing, leaving the fittest genotype with three rather than four favorable alleles (see homozgote. Of course, if we had assumed a higher initial frequency for the favored alleles -say 0.1 rather than 0.05 -then the initial population would have contained hand, the problem would have become even more acute if we had used lower initial allele frequencies, say 0.01. In contrast to the asexual population, however, the sexual simulation. Of course, the sexual population is also lacking these high fitness genotypes
initially, but this is not a problem because random recombination can assemble such population, we expect to see some individuals with the optimal genotype begin to appear an average of only five favorable alleles per chromosome -given that there are 100 loci genotypes. In contrast to this, the sexual population can use recombination to gradually the favored allele at all one hundred loci. Table 1 shows a summary of the response to 2 3 4 selection in both the asexual and the sexual populations. As can be seen in Table 1, the   2  3  5 asexual population is constrained by the maximum fitness in the initial population; in 2 3 6
contrast to this recombination continues to produce increasing maximum fitnesses as the 2 3 7 selection proceeds. This allows the sexual population to advance beyond the highest of 100 loci are provided in Supplementary Tables S1 and S2 . These results show that, in a sexually outbreeding population, the frequency of locus is not greatly impeded by selection at other loci. In other words, many loci can should be twice as long. In general, if it takes t generations for a gene substitution at a to our model, given that it takes 400 generations for allelic substitution at one locus, it 2 5 9
should take 40,000 generations for substitutions at 100 loci. This prediction is in stark 2 6 0 contrast to our finding that it takes only 400 generations for allelic substitution at all 100 that the optimal genotypic combination had to be already present in the initial population
and that genotypes could be considered as fixed entities that reproduce themselves from 2 6 7 one generation to the next. But these assumptions do not hold for a sexually outbreeding individual with the vanishingly rare optimal genotypic combination; this fact has already genotypes from one generation to the next. Because of this process, however, those
genotypes which are expected to be vanishingly rare when the allele frequencies are low
will be automatically generated through recombination once the allele frequencies begin
to rise in response to selection (Muller 1964; Hickey and Golding 2018) . Consequently,
there is no need for the massive culling that would be required in a very large initial 2 7 9
population that contained an extremely rare optimal genotype. Thus, in an outbreeding cumulative over different genetic loci. In Haldane's scenario, it is necessary to "grow" 2 8 2 the optimal genotypic combination from an initial, vanishingly rare frequency to fixation.
8 3
In practice, however, this optimal combination is produced by recombination only near
the end of the process. This avoids the huge cumulative cost of natural selection. not until quite late in the selection process that the optimal genotypic combination first appears. For example, even after the allele frequencies at each of 100 loci have risen to a 2 9 1 frequency of 0.9, the probability of randomly generating a chromosome with a favorable population are expected to contain the optimal combination -i.e., a favorable allele at all 2 9 5 100 loci. In other words, rather than increasing slowly from an infinitesimally low initial 2 9 6 frequency as suggested by Haldane (1957) , the optimal combination is generated through 2 9 7
recombination near the end of the selection process.
9 8
The strategy used by nature is somewhat analogous to the process of parallel 2 9 9
computing. Since recombination decouples the allelic changes at a given locus from The process of alternating selection and recombination enables the sexual population to long-term evolution, rather than to the effects of recombination within a population. The evolution of sex is a problem that has puzzled biologists for many decades of genes under selection increases. This answer was already hinted at in the literature, to the number of genetic loci under selection. Muller (1932; 1964) idea and concluded that recombination among many loci could allow a sexual population 3 1 8
to evolve "hundreds to millions of times faster" than a comparable asexual population. This same idea of an increasing advantage for recombination as the number of loci under 
